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ABSTRACT
In recent years, various metal-cavity nano-lasers have been theoretically stud-
ied and experimentally realized because it is believed that their small sizes
can actually bring large potential in the next-generation dense photonic inte-
gration and optical interconnects. However, the absorption loss in the metal
fundamentally impedes the practical use of metal-cavity nano-lasers, as most
of the demonstrated devices could only work either under optical pumping
or at 77 K, except for the metal-cavity surface-emitting laser structure that
came out from our group in 2010.
In this thesis, the metallic cavity sidewalls in the previous design were re-
placed by dielectric material to reduce extra metal loss. Both theoretical and
experimental studies on such dielectric micro-cavity surface-emitting lasers
are presented. In addition, issues related to cavity size reduction are also
investigated. A theoretical model, including the electronic band structure of
the active material and the optical properties of the laser cavity, has been
formulated to predict the working potential of the laser wafer, which was
designed for actual fabrication. Lasing characteristics in devices having di-
ameters ranging from 5 µm down to 2 µm have been demonstrated under
continuous wave, electrical injection at room temperature. Threshold cur-
rents from devices with different diameters were collected for further study.
The working devices generally had threshold currents around hundreds of
µA, while their metal-cavity counterparts had previously-reported threshold
currents in a few mA level. Such a two- to three-fold reduction in threshold
current for a given device diameter can be attributed to the absence of metal
absorption loss in the sidewalls, which is the major advantage of dielectric
micro-cavity. Furthermore, besides the decrease of transverse optical confine-
ment factor, the increase of threshold current density with the decrease of
device diameter highlights the importance of controlling the sidewall rough-
ness during fabrication.
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CHAPTER 1
INTRODUCTION
1.1 Why nano-lasers?
It has been a long-time dream to extend the electronic system functionalities
from the pure electronics into the integrated photonics field. As is the case
with transistors and all the other electronic devices, a small physical size
implies the possibility of having high device density within a single chip as
well as easy integration with other kinds of devices. Furthermore, in theory,
data transmission based on optical signals will not be limited by the resistive-
capacitive effects such as RC-delay in electronics. These two features make
nano-photonic devices highly favored for improving the speed and bandwidth
needs of the fast-growing internet traffic in the next generation [1], [2].
Although small lasers are important due to their potential role as the cen-
tral building block in photonic integrated circuits and optical interconnects as
envisioned in [3] and [4], lasers cannot be shrunk down into arbitrarily small
scale because the optical field tends to leak out as the volume of the confining
structure approaches the resonant wavelength diffraction limit. Thanks to
technology improvement, numerous strategies have been developed to solve
this problem, such as changing the lasing mode properties by micro-disk
structure [5], [6], forming laser cavity by point defect in photonic crystal
[7], [8] and the newest direction, confining optical field in metallic structures
[9]. Based on the size compactness, output beam profile and structure ge-
ometry diversity, we chose to work on vertical-cavity surface-emitting lasers
(VCSELs) in the micro-meter scale. More insightful studies on metal-cavity
micro-lasers will be emphasized in the next section.
1
1.2 State-of-the-art metal-cavity nano-lasers and
challenges
The first nano-laser with metallic coating was demonstrated by Hill et al. in
2007 [9]. The device, essentially a semiconductor pillar with a bulk InGaAs
active material sandwiched between two InP claddings to form a cut-off struc-
ture, was embedded in gold to form a cavity which was able to operate under
electrical injection at cryogenic temperatures. In 2009, Hill et al. further
achieved lasing behavior under electrical injection at 77 K in sub-wavelength
scale with a metal-coated ridge-waveguide laser whose width was less than
one-half of the resonant wavelength [10]. In the following years, various nano-
lasers based on metal cavities have been proposed and realized. In 2010, an
optically-pumped room-temperature sub-wavelength metallo-dielectric laser
by Nezhad et al. was developed by inserting a thin layer of silica between the
semiconductor cylindrical core and the metal clad to reduce metal loss [11],
while Yu et al. characterized both TE- and TM-like lasing modes in sub-
wavelength metal-semiconductor nano-patch lasers with different diameters
under optical pumping at 78K [12].
However, there is a trade-off when using metallic structures. In reality,
metals only have finite conductivities, meaning that part of the resonant
mode’s electric field is able to penetrate in and experience the absorption
loss, which is measured by the large imaginary part in the metal’s refractive
index. This greatly increases the total modal loss as well as the threshold
current density; thus most of the reported metal-cavity nano-lasers could
only operate either under optical pumping or at cryogenic temperatures,
except for the design by our group in year 2010 [13]. The working devices
took advantage of VCSEL design, and they not only emitted laser light in
continuous wave mode under electrical injection at room temperature but
also allowed further longitudinal size scaling by reducing the top and the
bottom distributed Bragg reflector (DBR) pairs.
Consequently, to pursue a smaller device, it is worthwhile to investigate
both the metal absorption loss and device geometry carefully for future laser
size reduction. In this thesis, the metallic sidewalls in the original design [13]
are replaced by dielectric embedment, and several physical mechanisms that
are critical for micro-cavity lasers are revisited.
2
1.3 Thesis organization
This thesis is organized as follows: In Chapter 2, the Fabry-Pe´rot etalon ex-
pression is used to describe the lasing conditions in an arbitrary cavity macro-
scopically. A detailed study in semiconductor active materials is presented,
followed by a simplified discussion on the cavity’s optical properties. The
lasing conditions are also examined for the dielectric micro-cavity surface-
emitting lasers. After proving the possibility of lasing for the laser sample,
some experimental results are then displayed in Chapter 3. Device process-
ing flow, basic light-current-voltage (L-I-V) characterization and discussions
regarding to size scaling effects are included. Some possible improvements
and interesting future directions are also discussed. In Chapter 4, a brief
conclusion is given to summarize the work completed so far.
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CHAPTER 2
WORKING PRINCIPLES
2.1 Introduction
The lasing action in semiconductors is a rather sophisticated process from
both microscopic and macroscopic points of view. Microscopically, the pho-
tons in the laser cavity are interacting with the electrons in the semiconductor
quantum-confining structure and then produce stimulated emission. Macro-
scopically, the optical properties of the cavity can be studied by solving the
eigenvalue problem associated with the Maxwell’s equations. The resultant
eigenvector and eigenvalue give the cavity mode profiles and the effective
indices, and the cavity resonant wavelength can be found subsequently. In
this chapter, the modeling for both the electron-photon interaction and the
laser cavity are presented.
2.2 Fabry-Pe´rot etalon
The presence of a cavity for optical field confinement and a gain medium for
light amplification are essential for lasers. Though it could be stated neatly
in physical language, the operation of lasers should be rigorously described
in mathematical expression, known as the Fabry-Pe´rot etalon, in order to
make precise predictions for any kinds of cavity structure.
One of the easiest ways to understand this concept is to consider a one-
dimensional cavity in the direction of wave propagation (z-direction, for ex-
ample), as in Fig. 2.1. From the Maxwell’s equations, the electric field of an
electromagnetic plane wave traveling in the cavity can be expressed in the
phasor form as
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Figure 2.1: A schematic illustration of the laser structure. Reflection from
the mirrors, gain and absorption resulted from the cavity are included.
E = E0e
ikzz (2.1)
For an electromagnetic wave traveling back and forth inside the cavity, it
experiences the reflections, or back-scattering, from both end-mirrors, as well
as the optical gain and loss mechanisms in the cavity during every round trip.
After a round trip, the resultant field (Ef ) can be linked to the initial field
(Ei) by the reflection coefficients due to the two end-mirrors, the total mirror
phase shift and the net optical gain/loss mechanism in the cavity as in Eq.
(2.2).
Ef = Ei · r1 · r2 · eik02L · e
(g−α)
2
2L (2.2)
For the light intensity to build up, the standing wave condition must be
met and the wave must reproduce itself after every round trip, meaning that
Ef = Ei. Eq. (2.2) thus reads
r1 · r2 · eikz2L · e
(g−α)
2
2L = |r1| · |r2| · e(g−α)L · ei(2k0L+φ1+φ2) = 1 (2.3)
Decomposing Eq. (2.3) into the imaginary part and the real part, we get
a pair of equations describing the cavity resonance, which is called phase-
matching condition (Eq. (2.4)) and threshold condition (Eq. (2.5)).
φ1 + φ2 + 2k0L = 2mpi (2.4)
g = α +
1
L
ln
1
|r1||r2| (2.5)
where m is an integer.
These two equations are of great importance in the central part of the
cavity modeling, as can be seen later in Section 2.5.
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2.3 Electronic band structure and optical gain in
semiconductor quantum wells
Although various multiple quantum well (MQW) laser samples, especially
whose emitting wavelengths are around telecommunication band (850 nm
– 1.55 µm), are readily available from the vendors, it is still important to
estimate the material gain coefficient of the active material. A deeper under-
standing of the gain mechanism, namely the electron-photon interaction, not
only creates more room for adjusting the device structure but helps the opti-
mization of the material layer structure to fit specific applications. Particu-
larly for the micro-lasers, the size miniaturization affects the cavity resonant
wavelength and the heat dissipation during lasing red-shifts the material gain
spectrum; therefore an accurate model for the active material is necessary in
this research to evaluate the potential of our as-grown laser sample.
In order to account for the electron-photon interaction precisely, a detailed
calculation based on the 6×6 k ·p method [14]–[16] was implemented in this
model. Proposed by Kane [14], the k · p method constructed the electron
and hole wave function near the energy band extrema with four distinct
basic polarities (s, px, py, pz) corresponding to the sp
3 orbital hybridization
in common semiconductors. Furthermore, as proposed by Luttinger and
Kohn [17], by expressing the Bloch wave function using Kane’s basis and
treating bands other than the bottommost conduction band and the topmost
three valence bands as perturbation, we obtain the famous Luttinger-Kohn
Hamiltonian to describe electrons’ quantum-mechanical behavior near the
Brillouin zone center. This model is also capable of taking strained quantum
structures into account by incorporating the energy shifts induced by crystal
lattice deformation and replacing the kz term (provided that the growth
direction is along the z-axis) in Kane’s formalism with −i ∂
∂z
[15]. In the
following, the model used for our laser active material will be detailed.
The active region of the micro-laser sample consists of three InGaAs quan-
tum wells (QWs) with GaAsP barriers, as shown in Fig. 2.2. Expressing
the Luttinger-Kohn Hamiltonian in Kane’s basis with differential operators
replacing the kz terms, we arrive at an 8× 8 matrix [18]. Moreover, we have
assumed that the coupling between the bottommost conduction and the top-
most valence bands is negligible in our active material emitting around 980
nm, so the 8× 8 Hamiltonian can be decomposed into a 2× 2 matrix for the
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Figure 2.2: The band edges of conduction band (CB) and valence band
(VB) before and after adding the deformation potential δEc(z).
conduction band and a 6× 6 matrix for the valence band.
Since the flip of spin does not affect the energy of the eigenstate in this case,
where there is no additional magnetic field, the 2×2 conduction band matrix
eigenvalue problem can be solved as a straightforward finite QW problem,
with electron effective masses m∗e(z) and the conduction band hydrostatic
deformation potential δEc(z) taken into account, as displayed in Eq. (2.6).
We have assumed that Anderson’s rule is valid in GaAs-based system, mature
enough in today’s nano-technology, such that ∆Ev = 0.33∆Eg.[
−~
2
2
∂
∂z
1
m∗e
∂
∂z
+
~2k2t
2m∗e
+ Vc(z) + δEc
]
ψc(z) = Ec(kt)ψc(z) (2.6)
The valence band structure is rather complicated because of the coupling
between heavy hole band (HH), light hole band (LH) and spin-orbital split-
ting hole band (SO). Though the valence band structures are usually wrapped
and anisotropic, we can still use axial approximation [18] near the Brillouin
zone center and the original 6× 6 matrix problem can be turned into a pair
of 3× 3 smaller matrices with degenerate eigenenergies.
H6×6 =
[
HU3×3 0
0 HL3×3
]
(2.7)
and we solve
Hσ3×3
 F1(z)F2(z)
F3(z)
 = E
 F1(z)F2(z)
F3(z)
 (2.8)
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where the superscript σ denotes the spin states (U or L)
Hσ3×3 =

−P −Q+ Ev Rρ − iSρ
√
2Rρ +
i√
2
Sρ
Rρ + iSρ −P +Q+ Ev −
√
2Q+ i
√
3
2
Sρ
√
2Rρ − i√
2
Sρ −
√
2Q− i
√
3
2
Sρ −P −∆so + Ev
 (2.9)
The operators P , Q, Rρ and Sρ are written explicitly in Eq. (2.10), and
the material parameters used in this model are listed in Table 2.1.
P = γ1
~2k2t
2m0
− ~
2
2m0
∂
∂z
γ1
∂
∂z
− 2avC11 − C12
C11
xx
Q = γ2
~2k2t
2m0
+
~2
m0
∂
∂z
γ2
∂
∂z
− bC11 − C12
C11
xx
Rρ = −
√
3
2
(γ2 + γ3)
~2k2t
2m0
Sρ =
√
3γ3
~2kt
m0
∂
∂z
(2.10)
Table 2.1: Material parameters used for this model [19]
In0.17Ga0.83As GaAs0.92P0.08 Al0.3Ga0.7As
a (A˚) 5.7222 5.6371 5.6556
Eg(Γ) (eV) 1.16939 1.5095 1.7981
α(Γ) (meV/K) 0.4940 0.5434 0.6439
β(Γ) (K) 185.13 217.4 301.8
m∗e(Γ) (m0) 0.0561 0.0708 0.0916
γ1 9.1934 6.7456 4.4611
γ2 3.1548 1.9344 1.0479
γ3 3.9959 2.7956 1.7220
C11 (10
11 dyn/cm2) 11.293 12.072 12.314
C12 (10
11 dyn/cm2) 11.293 12.072 12.314
ac (eV) −6.815 −7.252 −6.099
av (eV) 1.1328 1.2032 2.0770
b (eV) −1.966 −1.968 −1.560
∆so (eV) 0.3519 0.3192 0.3220
Ep (eV) 27.559 29.008 22.480
The solved conduction and valence band structures are shown in Fig. 2.3.
Note that the nature of each valence band state can be identified by ex-
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Figure 2.3: (a) Conduction and (b) valence band structures solved from Eq.
(2.8). The MQW nature gives three subbands in each band.
amining the weighting of each basis function, i.e. Fi(z) in Eq. 2.8, at Γ
point.
The optical process in the semiconductors can be described by Fermi’s
golden rule [15]. The optical gain originates from a net downward transition
of electrons from the conduction band down to the valence band under the
stimulation of photons, whose energies are equal to the difference between
the two states. However, for such a net downward transition to occur, the
occupation probability of the conduction band state must be greater than
that of the valance band state. These two occupation probabilities are re-
lated to the two quasi Fermi levels, Fc and Fv, describing the distribution of
electrons and holes under non-equilibrium.
fc =
1
1 + e
Ec−Fc
kBT
> fv =
1
1 + e
Ev−Fv
kBT
(2.11)
or
Fc − Fv > Ec − Ev = ~ω (2.12)
such that the material gain in Eq. (2.13) can be guaranteed to be positive
for all transition energy less than Fc − Fv, the Fermi level separation.
Since our quantum wells are compressively strained, the C1-HH1 transition
favors TE polarization [15]. The analytical form of the TE gain coefficient
9
can be derived as
gTE(~ω) =
piq2
nr0cωm20
1
Lw
|〈iS|px|X〉|2×
spin∑
σ1,σ2
CB∑
n
VB∑
m
1
4pi2
∫ +∞
0
|〈ψσ1c,n|ψσ2v,m〉|2 (fc − fv) δ (Ec − Ev − ~ω) 2piktdkt
(2.13)
where q denotes the elementary charge, nr the real part of the refractive index
of the gain material, c the speed of light, m0 the mass of free electron and Lw
the total width of the QW. Here, |ψσi,p〉 denotes the eigenstate in p-th i band
with spin σ and energy Ei(kt) (i = c or v). The term |〈iS|px|X〉| represents
the optical matrix element, which could be found in the literatures.
The delta function at the end of Eq. (2.13) is replaced by a Gaussian
distribution to account for the homogeneous broadening effect and other
carrier scattering mechanisms. The linewidth broadening γ was assumed to
be 15 meV.
δ (x)→ G (x) = 1√
2piγ
exp
(
− x
2
2γ2
)
(2.14)
The quasi Fermi levels can be found through the injection level as
n =
CB∑
n
m∗enkBT
pi~2Lw
ln
(
1 + e
Fc−Een
kBT
)
(2.15)
p =
V B∑
m
m∗hmkBT
pi~2Lw
ln
(
1 + e
Ehm−Fv
kBT
)
(2.16)
Figure 2.4 exhibits the calculated material gain spectrum as functions of
injection and active region temperature. Bandgap renormalization due to
electron-electron interaction is included by an empirical equation [20]
∆Eg = −(2.2× 10−3meV)
(
nLw (in cm
−2)
)0.32
(2.17)
Note that the material gain peaks at around 960 nm at room temperature,
implying the potential of 980 nm operation at higher temperatures.
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Figure 2.4: Calculated material gain spectrum a functions of carrier density
(n) and active region temperature.
2.4 Reflection coefficient of layered structures and
index guiding
The reflection coefficient of a layered structure for a plane wave can be found
by the propagation matrix method [15]. The propagation matrix method
assumes that each layer (non-magnetic material) can be characterized by its
refractive index and layer thickness, n and t, as shown in Fig. 2.5. The
electromagnetic fields of the wave in each layer (with layer index m) can be
written as a linear combination of forward- and backward-propagating waves
Em(z) = Ame
ikm(z−zm) +Bme−ikm(z−zm) (2.18)
Hm(z) =
1
ηm
[
Ame
ikm(z−zm) −Bme−ikm(z−zm)
]
(2.19)
where ηm and km are the intrinsic impedance and propagation constant of
the m-th layer material. By matching the boundary conditions at z = zm+1
Figure 2.5: Schematic representation of the propagation matrix method.
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interface and denoting the index contrast ratio by Nm+1m = nm+1/nm, we
have [
Am
Bm
]
=
[
1+Nm+1m
2
e−ikmtm 1−N
m+1
m
2
e−ikmtm
1−Nm+1m
2
eikmtm 1+N
m+1
m
2
eikmtm
][
Am+1
Bm+1
]
(2.20)
By stacking these matrices from m = 1 to m = N for an N -layer structure,
we can easily relate the forward- and backward-propagating parts between
the first and the final layer. Moreoever, by setting the forward propagating
part AN to be 1 and backward propagating part BN to be 0 to represent the
outgoing wave without back scattering, the overall reflection coefficient can
be found by r = (B1/A1)|AN=1,BN=0 after matrix multiplication.
One of the most important applications of layered structures is the dis-
tributed Bragg reflector (DBR). A DBR is a series of alternating dielectric
thin films composed of two distinct materials to provide extraordinarily high
reflectivity theoretically at any desired Bragg wavelength λ0. The thickness
of the layer material is required to be a quarter of the Bragg wavelength
in that material, tm = λ0/(4nm). The alternating refractive index profile
provides an alternating reflection coefficient profile with opposite signs at
each interface, r = ±|(Nm+1m − 1)/(Nm+1m + 1)|, and the quarter-wavelength
thickness of each layer produces a pi phase shift for the incoming wave with
exactly the Bragg wavelength λ0 after it bounces back. The overall effect is
that every reflected Bragg wave (λ0), though with smaller amplitude, tends
to cancel part of the original incident wave due to the phase difference pi
after traveling through each layer. Eventually, only a very small portion of
the incident wave with the Bragg wavelength can survive all the cancellation
resulted from all the layers. For wavelengths deviating from the Bragg wave-
length, the structure does not guarantee a strong field cancellation; thus,
more field can transmit through the whole DBR. As a result, a DBR acts
as a band-stop filter with a stopping band window around the Bragg wave-
length, so it can be used to build a nearly perfect mirror at around the Bragg
wavelength λ0.
Right at the Bragg wavelength, the propagation matrix Pperiod for a single
“n1−n2−n1” period can be found analytically, and the overall propagation
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matrix PDBR can be calculated by multiplying Pperiod for N times.
Pperiod = −
[
N21+N
1
2
2
N21−N12
2
N21−N12
2
N21+N
1
2
2
]
(2.21)
PDBR = (Pperiod)
N = (−1)N
[
(N21 )
N+(N12 )
N
2
(N21 )
N−(N12 )N
2
(N21 )
N−(N12 )N
2
(N21 )
N+(N12 )
N
2
]
(2.22)
The effect of the environment where the DBR is placed can be taken into
account simply by matrix multiplication, as shown in Eq. (2.23). Note that
with such treatment, the reference plane where the reflectivity is observed is
set to be the interface right in front of the DBR.
Ptotal = Pin-DBRPDBRPDBR-out (2.23)
However, extra care must be taken if we are solving for the analytic form of
the DBR’s reflectivity including the surrounding media because Eq. (2.22)
is actually valid only for a “n1 − n2 − n1” thin film series. Generally, the
surrounding media nin and nout are not necessarily the same as either n1 or
n2; thus, the precise calculation should follow the order of “nin − n1 − n2 −
nDBR,(N-2) pair − n1 − n2 − nout”, as illustrated in Fig. 2.6.
Following the formalism stated above, we can extend the matrix multipli-
cation for the whole structure to relate Ain, Bin, Aout and Bout, and find the
mirror reflectivity by setting Aout to 1 and Bout to 0.[
A0
B0
]
= (−1)N
[
(N21 )
N+N1inN
out
2 (N
1
2 )
N−2
2
(N21 )
N−N1inNout2 (N12 )N−2
2
(N21 )
N+N1inN
out
2 (N
1
2 )
N−2
2
(N21 )
N+N1inN
out
2 (N
1
2 )
N−2
2
][
1
0
]
(2.24)
Figure 2.6: A conceptual illustration for calculating the overall reflectivity
of a DBR sandwiched by two different media nin and nout.
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The reflection coefficient of a DBR right at the Bragg wavelength is then
found to be
r =
B0
A0
=
(N21 )
2N−2 −N1inNout2
(N21 )
2N−2 +N1inN
out
2
(2.25)
We can read from Eq. (2.25) that there are essentially two factors control-
ling the performance of a DBR. At the very first glance, the magnitude of the
reflection coefficient |r| increases as the pair number N increases. Neverthe-
less, it is the index contrast ratio N21 that limits the overall performance of
a practical DBR. Very often, researchers in the VCSEL society compare the
pair number N required for the DBR reflectivity to reach 99 % to determine
the usefulness of the layer material. A large contrast ratio alleviates the need
for a thick DBR, thus lowering the defect density and crystal growth com-
plexity in monolithic VCSELs [21]–[22]. Luckily, the growth challenge mainly
occurs in long-wavelength (1.3 µm–1.55 µm) VCSELs with InP-based mate-
rial system. In our case, thanks to the lattice-matching feature of AlAs/GaAs
alloy, high-quality AlGaAs-based DBR can naturally come into play.
Figure 2.7 shows the influence of the pair number on the power reflectivity
and mirror phase shift spectrum of a common Al0.90Ga0.10As/Al0.12Ga0.88As
DBR used in 980 nm VCSELs. With n1 = 3.025 and n2 = 3.458, the increase
of pair number not only increases the peak power reflectivity but also reduces
the high-reflectivity bandwidth.
Figure 2.7: (a) Power reflectivity |r|2 and (b) mirror phase shift spectrum
of Al0.90Ga0.10As/Al0.12Ga0.88As DBR with different pair numbers. The
DBR is assumed to be sandwiched between air and the cavity, which is
assumed to be GaAs-based (nin = 3.5 and nout = 1.0).
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Modal dispersion becomes important when the geometry of the optical
confinement structure, like our dielectric micro-cavity, is comparable to the
resonant wavelength. Physically, for a guided mode bouncing back and forth
in the cavity structure, it sees an “effective index” different from that in
the bulk material due to the zigzagging characteristics of the guided wave’s
propagation [23]. Mathematically, the effective index comes from the wave
equation, which is essentially an eigenvalue problem. For the field F(x, y) of
a guided mode trapped in an optical confining structure (x, y), it satisfies
the following wave equation
[∇xy2 + ω2µ0(x, y)]F(x, y) = β2F(x, y) (2.26)
where µ0 is the permeability of the material, ω and β the frequency and
propagation constant of the guided mode. The effective index of the mode
can be obtained by
β =
2pineff
λ0
(2.27)
It should be noted that a larger neff gives a better-confined mode, or in the
zigzagging wave picture, a more straightly-propagating wave.
To solve Eq. (2.26), information about the geometry of the optical con-
finement structure should be given. From here on, we will model the optical
properties of our dielectric micro-cavity surface-emitting laser based on the
actual structure, as pictured in Fig. 2.8.
Figure 2.8: Schematic of our dielectric micro-cavity surface-emitting laser.
The solid green line shows the index guiding technique in the transverse
direction.
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Longitudinally (z), the cavity is defined by a regular Al0.12Ga0.88As /
Al0.90Ga0.10As bottom DBR and a metal-DBR hybrid top mirror. The thin
metal series, Ni/Ag/Au, on top of the top DBR serves as both the reflector
and the electrical contact on the p-side. In the transverse direction (x-y),
the laser core is embedded in the benzocyclobutene (BCB) dielectric for both
planarization purpose and optical confinement by the sharp index step at the
semiconductor–dielectric interface (∆n ≈ 2.1 at around 980 nm). Confining
the electromagnetic field by the refractive index distribution is the so-called
index guiding, which is the major technique in optical fibers.
By recognizing the transverse geometry of our dielectric micro-cavity as a
step-index fiber loaded with a semiconductor core and a dielectric cladding,
we can find several quick ways to picture the solution to the wave equation,
Eq. (2.26), in advance. One is by a quick estimation, using n ≈ 3 for
high-Al content AlGaAs and n ≈ 3.6 for InGaAs as the semiconductor core
and n ≈ 1.5 for the BCB dielectric cladding; we found that the V -number
is between about 16 and 20 even in a 2-µm-diameter device, meaning such
a refractive index distribution with sharp contrast in fact supports a great
number of eigenmodes. This multi-transverse mode operation is exactly the
feature of VCSELs. Fortunately, since only the mode whose modal loss is
the lowest will contribute to the lasing action once the gain material can
compensate all the modal loss, we only need to study a few lower-order
modes. Here we mainly target the optical properties of the lowest two modes,
HE11 and TE 01 mode, in our dielectric micro cavity. Figure 2.9 shows the
electric field intensity |E(x, y)| and Fig. 2.10 shows the modal dispersion as
well as the size-dependent effective indices of the HE11 and TE01 modes. The
separation between the effective indices becomes larger at longer wavelengths
due to the deeper penetration of TE01’s field. The more it penetrates, the
more difficult the mode propagation along the z-axis, thus the lower the
effective index.
After obtaining the effective indices of each layer for a given cavity di-
ameter, we can now calculate the reflectivity spectrum of our top hybrid
mirror and the bottom DBR mirror. Figure 2.11 shows the calculated re-
flectivity spectrum of HE11 mode in a 2-µm-diameter dielectric micro-cavity.
The effect of the metallic thin film on top of the top DBR is obvious, as the
attenuation in the metal thin film broadens the high-reflectivity window for
all wavelengths. The phase shift curve within the high-reflectivity window is
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Figure 2.9: The electric field intensity |E(x, y)| of (a) HE11 and (b) TE01
mode in a 2-µm-diameter device. The red line highlights the core-BCB
boundary. Here ncore ≈ 3.6 and nBCB ≈ 1.5 are assumed. Note the field
intensity of HE11 and TE01 mode around the boundary, which characterizes
the field penetration.
Figure 2.10: (a) The effective index dispersion of HE11 and TE01 mode in a
2-µm-diameter cavity. (b) The effective indices of HE11 and TE01 mode 980
nm in cavities with different diameters. The dispersion of the bulk InGaAs
is also plotted as reference. The deviation in the longer wavelength and
smaller diameter region separates the two modes.
barely perturbed because the Bragg wavelength is mainly determined by the
thicknesses of the dielectric layers, which are much thicker than the metal
thin film (≈ 150 nm for a pair of DBR and ≈ 50 nm for the metal thin film).
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Figure 2.11: (a) The power reflectivity R and (b) mirror phase shift
spectrum of HE11 mode in a 2-µm device. The spectra were calculated
using effective index method.
2.5 Lasing conditions in dielectric micro-cavity
surface-emitting lasers
For light intensity to build up in the cavity, constructive interference must
occur for the lasing mode after every round-trip. The constructive interfer-
ence, or the resonance, which can be found by Eq. (2.4), is a pure optical
property of the cavity itself, where the quantities φ1 and φ2 are assigned to
be the phase shifts of the top and bottom mirrors shown in Fig. 2.11. How-
ever, the term 2k0L needs to be modified for our multi-layer structure and
Eq. (2.4) should be written in a more rigorous form
φtop(λ) + φbottom(λ) +
4pi
λ
cavity∑
i
tineff,i(λ) = 2mpi,m ∈ Z (2.28)
Note that the dispersion property of the effective index has been taken
into account. The resonant wavelength can be found by solving Eq. (2.28)
in modulus 2pi, as shown in Fig. 2.12(a). Figure 2.12(b) shows the reso-
nant wavelengths as functions of device diameter. The lateral mode spacing
(λHE11 −λTE01) becomes larger (≈ 8 nm) in smaller cavities, because the res-
onant wavelength is associated with the effective index through Eq. (2.28).
The blue shift of the resonant wavelength for a given mode can be explained
in the same way.
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Figure 2.12: (a) Round-trip phase shift of HE11 mode in the 2-µm-diameter
cavity. The blue curve is plotted using Eq. (2.28). (b) Resonant
wavelengths of HE11 and TE01 modes as functions of device diameter.
Right at the cavity resonance, standing wave builds up in the cavity and
the field intensity decays exponentially within the mirror region. The “field
attenuation rate” is determined by |(N21 − 1)/(N21 + 1)| [24].
The longitudinal electric field distribution of HE11 mode at the resonant
wavelength is plotted in Fig. 2.13, together with the effective indices of each
layer. As can be seen in the inset, the overlap between the maximum field
intensity envelope and the quantum well region (where the index is largest)
indicates a nice interaction between the optical field and the gain material.
Like the case of Eq. (2.28), Eq. (2.5) needs to be modified for layered
structures as well. To account for the interaction between the optical field
and the active material, we have to introduce the optical confinement factor
Γ and Eq. (2.5) becomes
Γgth = αi +
1
L
ln
1
|r1||r2| (2.29)
where the subscript “th” in the material gain coefficient g denotes the thresh-
old value, or the minimum value for the optical gain to overcome the total
loss. The subscript “i” in the loss term α denotes the intrinsic loss from the
materials, free-carrier absorption in the p-region for example. Various loss
mechanisms can also be incorporated in Eq. (2.29), such as waveguide loss
αWG and optical diffraction loss αd.
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Figure 2.13: Longitudinal electric field distribution |E(z)|2 of HE11 mode at
the resonant wavelength. The right-hand part shows the schematic
representation of the real device geometry.
There are several ways to define the optical confinement factor Γ. The
most convenient way to handle it is to decompose the optical confinement
into longitudinal (Γz) and transverse (Γxy) direction.
Γ = ΓzΓxy (2.30)
The commonly used method, known as the power confinement factor, mea-
sures the fraction of the optical power stored in the active region to the optical
power existing in the whole space, as defined in Eq. (2.31) and (2.32),
Γz =
∫
active
1
2
<e{E(z)H∗(z)}dz∫∞
−∞
1
2
<e{E(z)H∗(z)}dz (2.31)
Γxy =
∫
active
1
2
<e{E(x, y)×H∗(x, y) · zˆdxdy}∫
all area
1
2
<e{E(x, y)×H∗(x, y) · zˆdxdy} (2.32)
However, Eqs. (2.31) and 2.32 lose the physical meaning when metallic
structure presents. Metal has a large imaginary part in its refractive index,
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which makes the dielectric constant negative and thus the electromagnetic
power stored inside becomes negative. As a result, though the cavity of our
dielectric micro-laser does not contain metal, we should use a more rigid
definition, the energy confinement factor that measures the fraction of the
electromagnetic “energy” stored in the structure, for a fair comparison with
the metal-cavity micro-lasers [25]. In addition, the dispersive nature of the
material’s dielectric constant should be considered so that the metallic struc-
ture can have a positive group index.
Γz =
∫
active
1
4
[<e{(z)}+ ∂
∂ω
ω(z)
] |E(z)|2dz∫∞
−∞
1
4
[<e{(z)}+ ∂
∂ω
ω(z)
] |E(z)|2dz (2.33)
Γxy =
∫
active
1
4
[<e{(x, y)}+ ∂
∂ω
ω(x, y)
] |E(x, y)|2dxdy∫
all area
1
4
[<e{(x, y)}+ ∂
∂ω
ω(x, y)
] |E(x, y)|2dxdy (2.34)
The field E(z) and H(z) in Eqs. (2.31) and (2.33) can be found from the lon-
gitudinal field distribution in the propagation matrix method, as illustrated
in Fig. 2.13. The light green parts in the inset show the overlap between the
electric field intensity profile and the quantum well region, where defined to
be “active” as in Eqs. (2.31) and (2.33).
The calculation of the transverse energy confinement factor Γxy using Eq.
(2.34) is similar to that of Γz. Figure 2.14(a) shows the electric field intensity
along the x-direction for HE11 and TE01 mode in a 2-µm-diameter device.
The field discontinuity can be seen at the semiconductor-BCB boundary,
x = ±1 µm. As can be confirmed by Fig. 2.9, TE01 mode penetrates more
deeply into the BCB dielectric than HE11 mode does, causing the drop in
transverse energy confinement factor Γxy shown in Fig 2.14(b). As the device
diameter increases, the difference in Γxy between the two modes decreases
because both HE11 and TE01 modes become better localized. However, HE11
mode should have lower threshold material gain than TE01 does in smaller
devices because of the higher confinement factor and lower diffraction loss,
which will be elaborated in the next paragraph. Consequently, we should
expect that in small devices, HE11 can be the dominant lasing mode while
mode competition can occur in larger devices.
Although the confinement factors can be found through Eqs. (2.33) and
(2.34), comparison between devices with different sizes is hard because the
structure-dependent diffraction loss cannot be determined easily even for
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Figure 2.14: (a) The electric field intensity of HE11 and TE01 mode in a
2-µ-diameter device along the x-axis. (b) The transverse energy
confinement factor as a function of device diameter for HE11 and TE01
mode.
a given mode. However, it is expected that the diffraction loss becomes
larger as the device size decreases. Since smaller devices have lower optical
confinement factors, we intuitively conclude that the 2-µm devices have the
highest threshold material gain due to the highest total modal loss.
In spite of the difficulty in comparing devices with different sizes, the com-
parison between different cavity designs (pure dielectric- versus metal-cavity)
for a given size can be done following the methods described in Section 2.3
through Section 2.5. To eliminate the difference in the diffraction loss aris-
ing from the size-dependent effect, we only calculated the threshold material
gain gth for HE11 mode, as defined in Eq. (2.29), in a 2-µm-diameter cavity.
Our comparison included three types of cavity sidewalls, namely BCB, metal
with 220-nm and 60-nm silicon nitride (SiNx) passivation layer thicknesses
[26]. The calculated threshold material gains are listed in Table 2.2.
Combining Table 2.2 and Fig. 2.4, we see that the calculated HE11 thresh-
old material gain is readily achievable for the three-QW active region, under
the injection level of 3×1018 cm−3, which is fairly typical in GaAs-based VC-
SELs. Another important feature is that even with increasing temperatures,
the material gain coefficient around 980 nm generally exceeds the required
value for lasing, although the diffraction loss has not been taken into ac-
count. Also, in Table 2.2, it can be seen that theoretically a 2-µm-diameter
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Table 2.2: Calculated HE11 mode threshold material gain of different
2-µm-diameter cavity designs.
Cavity Sidewall BCB
220nm SiNx
+Ag coating
60nm SiNx
+Ag coating
λr (nm) 970.982 971.062 971.122
αm (cm
−1) 5.543 5.583 10.202
αWG (cm
−1) 0 0.011 1.858
αi (cm
−1) 15 15 15
ΓE,xy 99.995% 99.993% 99.997%
ΓE,z 2.853% 2.852% 2.852%
gth (cm
−1) 720.145 722.256 948.993
cavity with 220-nm SiNx sidewalls has very similar threshold material gain
value to a 2-µm-diameter BCB cavity. The waveguide loss αWG is relatively
small because of the buffering effect of the thick passivation layer; more-
over, the optical field confinement in this case resembles the index guiding
as in the BCB case owing to the sharp index step between semiconductor
and SiNx (∆n ≈ 1.5). The waveguide loss in the 60-nm SiNx metal-cavity
design is rather large since the electromagnetic field actually penetrates into
the metallic sidewalls before being attenuated down to an amount that is
small enough. The trend of the difference in the threshold material gain due
to the cavity sidewall effect can be confirmed by experiment, which will be
presented in the next chapter.
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CHAPTER 3
EXPERIMENTS
In this chapter, the fabrication process conducted in the cleanroom labora-
tory of the Micro and Nanotechnology Laboratory at the University of Illinois
at Urbana-Champaign is presented. Data collected from basic L-I-V char-
acterization are discussed and linked to the theoretical part in the previous
chapter.
3.1 Device fabrication
The dielectric micro-cavity surface-emitting lasers used in this study adopt
most of the regular vertical-cavity surface-emitting laser (VCSEL) design.
The epitaxial structure was grown by molecular beam epitaxy (MBE) on an
n-type GaAs substrate. The active region, containing three InGaAs quantum
wells, was sandwiched between the p-doped (carbon, 2.5 × 1018 cm−3), 24-
pair AlGaAs top DBR and the n-doped (silicon, 2 × 1018 cm−3), 38-pair
bottom DBR. A thin (5 nm) layer of highly doped (1 × 1019 cm−3) p-type
GaAs was grown on the very top to prevent the high-Al-content DBR layer
from oxidation and to serve as electrical contact layer. The sample had a
measured photoluminescence (PL) peak at around 970 nm.
The fabrication process contains three main parts: (1) device size defini-
tion, (2) cavity dry etch, and (3) device planarization. The flow chart in Fig.
3.1 shows the complete process. At the very first step, a thick layer (≈ 780
nm) of silicon nitride (SiNx) was deposited on the surface of the laser sample
to act as a hard mask for the cavity dry etch afterwards. Photolithography
was performed on top of the SiNx directly. The sizes of the micro-cavity
lasers were defined exactly in this step using the photomask. To ensure the
smallest feature size, the airgap spacing between the sample and the pho-
tomask together with the development of the positive and lift-off photoresist
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Figure 3.1: Processing flow of the dielectric micro-cavity surface-emitting
lasers.
(PR) must be handled with extra care.
After the development, the PR inside the device region moved and a ring-
shaped undercut showing the sign of such opening was clearly visible under
optical microscope, as depicted in Fig. 3.2. The undercut is critical in the
PR-stripping process afterwards. Following the lithography step, we need to
define the top-most hard mask for SiNx mesa etch. To increase the material
selectivity during the etching process, we used nickel (Ni) to shield the SiNx
inside the device region.
The nickel mask was formed by electron-beam evaporation technique. A
uniform Ni thin film, around 15 nm, was deposited on top of the sample
Figure 3.2: Schematic of the photolithography step. The left picture shows
the top view of the sample under optical microscope to show the undercut.
25
Figure 3.3: Schematic of nickel deposition and PR stripping process.
surface, on both the open and PR-covered region. The sample was then
immersed in agitated PR stripper to remove the residual PR and the nickel
mask was left on top of the clean SiNx layer. It should be noticed that even
though the stripper is intended to remove the PR, it also to removes part of
the metal thin film at high temperatures; therefore the stripping time and
the solution temperature should be controlled. Figure 3.3 summarizes the
processes before SiNx mask formation.
Because the cavity etch for our micro-lasers was conducted by dry etch
relying on physical process, mainly by particle bombardment, a thick hard
mask on top of the device region must be prepared to sustain the impact.
The SiNx layer deposited from the very beginning was designed to act like
this, and it was patterned to fit the device geometry through the flourine-
based freon reactive ion etcher (freon-RIE), with the shielding of the Ni hard
mask. Figure 3.4 shows the transferring process together with the etching
result.
Figure 3.4: Schematic of the pattern transferring process from Ni mask to
SiNx mask. The inset shows the scanning electron microscope (SEM)
picture of a successfully etched SiNx mask.
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Figure 3.5: The SEM picture of the sample surface after freon-RIE etch.
(a) A clean sample surface ready for the following cavity dry etch and (b)
Unacceptable sample surface which could give undesired cavity etch result.
Since the Ni mask was formed following the photolithography process, it
is guaranteed that the device feature could be transferred to the SiNx mask.
The scanning-electron microscopy (SEM) picture shows the SiNx hard mask
directly transferred from 2-µm-diameter Ni shield. Figure 3.5(a) and (b)
show the difference in the sample surface quality. Unacceptable re-deposition
as in (b) must be avoided since the particles can also act as tiny masks and
ruin the cavity etch process.
The following step, cavity dry etch, is one of the most critical ones in the
whole micro-laser fabrication. We used inductive-coupled plasma reactive
ion etcher (ICP-RIE) with SiCl4/Ar gas mixture under low chamber pressure
condition to etch the distributed Bragg reflector (DBR) layers together with
the active region. Figure 3.6 depicts the whole cavity dry etch process,
together with the end-point detection setup.
Figure 3.6: Schematic plot of the cavity etch process. The whole process
was monitored using interferometer to determine the stopping point.
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Figure 3.7: (a) The SEM picture of a 3-µm device after the ICP-RIE cavity
etch. The two DBRs and the MQW active region are specified, as well as
the SiNx hard mask on the top. (b) An unacceptable cavity etch. The
undesired needles will affect current conduction during device testing.
The ion bombardment nature of the process shows a fast etching rate
(≈ 12 minutes to etch a ≈ 5.5-µm-high structure) and appreciatively high
anisotropy. Unlike previous etching processes, determining the stopping
point in such a long-time etch is critical. We used a built-in in-situ laser-
interferometer to monitor the reflected power of the etched surface, and the
etching depth could be obtained by counting the periodicity of the reflected
power profile. The process stopped at a low-aluminum-content (low-Al%)
DBR layer, several layers below the end of the active region, to prevent the
underlying high-Al% layer from being oxidized. Placing the etched surface
several layers apart from the active region helped minimize the diffraction
loss since the resonant mode would be attenuated significantly at this point.
Figure 3.7(a) shows the completed cavity dry etch of a 2-µm-diameter de-
vice, where the DBRs, the active region and the residual SiNx hard mask
are marked. Figure 3.7(b) shows a failed etch due to the unacceptable sam-
ple surface covered by re-deposition. The thin, needle-like structure allowed
current conduction eventually and bypassed the real device during testing.
Because SiNx hard mask is actually an insulator, we had to remove it from
the top of the device once the cavity etch was completed to allow current
flow. The SiNx mask removal was also done in the freon-RIE, but it was
relatively easy in terms of controlling the surface contamination. However,
while post-processing in high-power oxygen plasma cleaning is usually re-
quired to remove any reaction by-products covering the top of the device, we
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Figure 3.8: (a) Schematic showing the difference between metal cavity and
dielectric cavity designs. (b) Experimentally characterized BCB thickness
versus spin-coating speed.
should avoid leaving the sample in the oxygen plasma for too long so that
the high-Al% DBR layer would not be oxidized in an undesired way.
The next step is device planarization using benzocyclobutene (BCB) di-
electric. This is essentially the key part that differentiates the dielectric
micro-cavity from the metal cavity. Unlike metal cavity devices where a thin
layer of SiNx is inserted between the laser core and the metallic coating for
passivation purpose so that the metallic cavity itself does not short the whole
device, the BCB planarization process offers a relatively flat surface on the
top of the device for contact deposition. The planarization process of the
top surface also facilitates the future high-speed laser development where
co-planar waveguides are used for probing.
The planarization process contained three parts: (1) spin-coating, (2) cur-
ing, and (3) etching. The BCB dielectric is a thick, silicon-based polymer
that solidifies and becomes chemically stable at high temperatures; so the
spin-coating speed directly determines the resulting BCB layer thickness.
Figure 3.8(a) illustrates the difference between the metal cavity and dielec-
tric cavity designs, and Fig. 3.8(b) shows the experimentally characterized
BCB thickness versus spin-coating speed after curing. After spin-coating,
the sample was put in a nitrogen-purged furnace to cure for 9 hours. Now
the whole device was embedded in BCB and then we had to again remove
the dielectric on top of the device for electrical conduction. Similar to remov-
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Figure 3.9: (a) SEM picture of the device after removing the SiNx hard
mask on the top after cavity dry etch. (b) The SEM picture of the device
after BCB planarization. Part of the device below the top is now invisible.
ing the SiNx mask in the post-cavity-etch process, the BCB etch was again
conducted in freon-RIE using CCl4/O2 gas mixture. The planarized surface
quality was highly dependent on the composition of the chemical mixture, the
chamber pressure and the RIE power. A less bumpy, re-deposition-free sur-
face was desirable for metal adhesion, which was the last step of the whole
process. Figure 3.9 shows the SEM picture of the device before and after
BCB planarization.
For current conduction, we bonded the whole sample on a gold-coated
silicon using indium paste, and performed another photolithography to define
the top contact. Since the substrate as well as the bottom DBR were heavily
doped, electrical current could flow through them and reach the active region.
After stripping the PR after the deposition of the top contact, the devices
were ready for testing.
3.2 Light-current-voltage characterization
The characterization was completed using a standard light-current-voltage
(L-I-V) setup. The devices were biased using a semiconductor parameter
analyzer (SPA), and the light output was collected using a silicon detector
directly on top of the chip. The responsivity of the detector was around
0.5249 A/W near 980 nm. Lasing characteristics for devices with diameters
ranging from 5 µm down to 2 µm were demonstrated under continuous wave
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Figure 3.10: The light-current-voltage curves of dielectric micro-laser with
diameters from 5 µm down to 2 µm.
(CW) electrical injection at room temperature. Figure 3.10 shows the L-I-V
curves of the devices. Clear threshold behaviors were identified, and more
importantly, the threshold currents were generally below 700 µA, implying a
possible operation scheme with low heat dissipation resulted from the Joule
heating.
3.3 Discussion
Although the spectra have not yet been taken, clear threshold behaviors
existed in all the operating devices with diameters ranging from 5 µm down
to 2 µm. Based on the turn-on characteristics and the theoretical prediction
carried out in Chapter 2, it is very likely that the devices are working as
lasers instead of just as light-emitting diodes. Threshold current densities
for devices with different diameters were collected in Fig. 3.11.
The threshold current density (Jth) increases as the device diameter de-
creases from 5 µm to 2 µm. This can be attributed to the increase of the
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Figure 3.11: The collected threshold current densities as a function of
device diameter.
Figure 3.12: The SEM picture of the device after cavity dry etch. The red
arrows point out the straight-line-like surface damage resulting from the
ICP-RIE process.
optical diffraction loss resulted from the imperfect device sidewall, where
ICP-RIE process leaving surface damage and roughness. Figure 3.12 shows
the surface imperfection resulted from the cavity dry etch. The damages,
making the device geometry deviate from the original circular shape, can
cause optical scattering or diffraction for the lasing mode, and therefore the
optical diffraction loss could increase. Also, based on the modal field distribu-
tion profile, we expect that the TE01 mode suffers more from the diffraction
loss than HE11 mode does since most of its optical power concentrates near
the peripheral of the laser core. Consequently, though the optical diffraction
loss increases the threshold modal gain for HE11 mode, it simultaneously
enhances the “mode discrimination” over TE01 mode, especially in smaller
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devices (in larger devices, both HE11 and TE01 modes do not feel the surface
imperfection as much). Finally, with the increase of threshold modal gain
and the decrease of the energy confinement factor, it is reasonable that the
2-µm-diameter devices had the highest threshold material gain.
Another factor that increases the threshold current density is the leakage
current. The surface damage also induces extra surface states that facilitate
carrier transport. When there is another current path that skips the desired
DBR-active-DBR route, carrier leakage could happen and thus fewer carri-
ers would go into the quantum well region to contribute to the stimulated
emission process; hence the required carrier density to reach threshold be-
comes higher. Intuitively, the influence of the surface states on the leakage
current can be thought of as being proportional to the surface-over-area ra-
tio, namely, 1/a where a is the device radius. As a result, higher threshold
current density could be expected for smaller devices.
The imperfections, which either come from the uneven device geometry
or from the poor surface property, can be eliminated by improving the pho-
tolithography process. The roughness after cavity dry etch actually came
from the shape of the SiNx mask, which was transferred from the shape of
Ni mask, or eventually, from the shape of the PR opening. Closing the air
gap between the photomask and the sample is the only way to minimize such
processing error, provided that the photomask is in a good shape.
Figure 3.13: The collected threshold current densities (Jth) of dielectric-
and metal-cavity micro-lasers. The Jth values of the dielectric micro-lasers
are shown in open circles, while those of the metal-cavity ones are
represented by solid stars. (Courtesy of Pengfei Qiao)
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In cooperation with our group member, Pengfei Qiao, we also fabricated
and characterized metal cavity designs with 220-nm SiNx passivation layer
(as depicted in Fig. 3.8). The measured threshold current density as a
function of device diameter followed approximately the same trend as the
dielectric micro-lasers, as shown in Fig. 3.13.
It can be confirmed both theoretically and experimentally that the 220-
nm-SiNx design in fact resembles the dielectric case, where the optical con-
finement in the transverse direction is dominated by index guiding. Also,
due to the absence of the metal absorption loss in the BCB dielectric (or
minimized in thicker SiNx designs), the threshold current density is much
lower than that of the thin passivation layer (60-nm SiNx design) [27], which
was estimated to be around 80 kA/cm2.
3.4 Possible improvement and future work
One of the biggest issues surrounding the micro-lasers is the device reliability.
The reliability issue mainly deals with the electrical contact stability and heat
dissipation during the laser operation.
First, we used silver as the main part of the metal-DBR top hybrid mir-
ror due to its highest κ/n ratio among common metals, as shown in Fig.
3.14. The higher the κ/n ratio, the closer the metal approaches the perfect
electric conductor and therefore the smaller the mirror transmission loss.
Figure 3.14: The κ/n ratio calculated from the complex refractive indices of
common metals at around 980 nm.
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However, silver does not perform as a good p-type contact material like the
titanium/palladium/gold alloy; thus a larger voltage drop across the contact
could be anticipated. The corrosion of silver is related to the electric field
strength inside of it as well as the ambient humidity [28]. As a consequence,
operating the micro-lasers under electrical injection at room temperature
sometimes makes repeated measurements unavailable.
Second, the heat dissipation problem is particularly serious in small-cavity
devices. The heat flow H is related to the area S where the heat transfer
occurs by
H = q · S = −k∇T · S (3.1)
where k is the thermal conductivity of the material and T the temperature.
By Eq. (3.1), it is obvious that smaller devices inevitably have lower thermal
dissipation rates. The accumulation of heat, known as the self-heating effect,
will cause the physical expansion of the laser structure, the change of re-
fractive indices and the shrinkage of the active material bandgap so that the
cavity resonant wavelength will generally deviate from the desired material
gain peak. Eventually, the laser either stops working due to the mismatch
between the peak-gain wavelength and the cavity resonance, or just becomes
permanently damaged due to burning or heat stressing. The heat problem is
actually the major factor that hinders the measurement of optical spectrum
of micro-lasers.
Fortunately, there are several methods to improve the device performance.
By flip-chip bonding as described in [27], we would be able to isolate the
silver from the humidity [28], and then the contact corrosion issue should
be minimized. The thermal stability could be solved by etching away more
bottom DBR pairs after the flip-chip bonding. As denoted in Eq. 3.1, the
continuity of the heat flux q makes the overall thermal conductivity k in-
versely proportional to the overall thickness of the thermal conductor. In the
future, it will be possible following the method stated in [29, 30] to measure
the optical spectrum and the thermal resistance of the dielectric micro-lasers
and make comparison with their metal-cavity counterparts.
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CHAPTER 4
CONCLUSION
In this thesis, we have reviewed the basic theory and modeling of the dielectric
micro-cavity surface-emitting lasers, and demonstrated lasing behaviors at
room temperature with devices having diameters ranging from 5 µm down
to 2 µm.
To predict the material properties, we have investigated the band struc-
ture calculation of our InGaAs/GaAsP multiple-quantum-well (MQW) ac-
tive region using the 6 × 6 k · p method. The gain spectra were calculated
using Fermi’s golden rule and the homogeneous broadening was considered.
Temperature effects and injection-dependent bandgap renormalization were
included in the calculation such that peak gain red shift could be observed.
Theoretically, the active material could produce material gain over 1000 cm−1
under 3× 1018 cm−3 injection level up to at 130 oC, which could be the ac-
tual carrier density and the active region temperature when a GaAs-based
vertical-cavity surface-emitting laser (VCSEL) is operating.
The optical properties of the dielectric cavity were estimated by incorpo-
rating the effective indices in the propagation matrix method. The effective
indices of HE11 and TE01 modes were directly solved from the finite-element
method (FEM) using the commercial software COMSOL. After evaluating
the reflectivities of the top and bottom distributed Bragg reflectors (DBRs)
of our laser sample, we were able to predict the cavity-size-dependent reso-
nant wavelength for both HE11 and TE01 modes. The modal field distribution
|E(x, y)| was used to estimate the energy confinement factor in the transverse
direction. Having the information about the mirror reflectivities and neglect-
ing the optical diffraction loss, we have made some preliminary estimation
on the minimum threshold modal gain. Combining the electronic and optical
properties, we concluded that the sample could operate as lasers instead of
as light-emitting diodes and the lasing light favored HE11 mode over TE01
mode, thanks to its higher transverse optical confinement factor.
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In the experimental part, we have fabricated the dielectric micro-cavity
surface-emitting lasers in the cleanroom laboratory of the Micro and Nan-
otechnology Laboratory at the University of Illinois at Urbana-Champaign.
Most of the fabrication followed the regular VCSEL processing steps, except
that we carried out device planarization process using dielectric material
rather than leaving the devices air-posted. Due to the pillar-like device ge-
ometry and the small cross-sectional area, we were forced to use a metal thin
film on top of the p-DBR to act as the electrical contact. We successfully col-
lected light-current-voltage (L-I-V) curves for devices with diameters ranging
from 5 µm down to 2 µm, and most of the operating devices showed clear
turn-on behaviors. By relating the threshold current density and the de-
vice diameter, we concluded that the surface imperfections, such as sidewall
roughness and processing damage (undesired surface states) can contribute
to the increase of optical diffraction loss and the sidewall leakage current,
respectively. Also, inherently, the reduction of the transverse optical con-
finement factor rendered a higher threshold material gain, or eventually, a
higher threshold current density for smaller devices.
Though air-posted vertical-cavity surface-emitting lasers (VCSELs) with
small diameters have been fabricated and tested in the late 1980s [31], this
is the first time that the performance of such dielectric micro-lasers was
directly compared with our previous metal-cavity designs with similar de-
vice geometry. Both theoretical modeling and experiment showed that the
dielectric-cavity devices could have much lower threshold current than the
metal-cavity designs with thin (60 nm) passivation layers, and have similar
threshold characteristics to those with thicker passivation layers (220 nm).
This result could provide us a more specific, quantitative guidance when
designing cavity structures for micro-cavity lasers.
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